-Several receptors linked to the adenylyl cyclase signaling pathway stimulate electrical activity and calcium influx in endocrine pituitary cells, and a role for an unidentified sodium-conducting channel in this process has been proposed. Here we show that forskolin dose-dependently increases cAMP production and facilitates calcium influx in about 30% of rat and mouse pituitary cells at its maximal concentration. The stimulatory effect of forskolin on calcium influx was lost in cells with inhibited PKA (cAMP-dependent protein kinase) and in cells that were haploinsufficient for the main PKA regulatory subunit but was preserved in cells that were also haploinsufficient for the main PKA catalytic subunit. Spontaneous and forskolin-stimulated calcium influx was present in cells with inhibited voltage-gated sodium and hyperpolarization-activated cation channels but not in cells bathed in medium, in which sodium was replaced with organic cations. Consistent with the role of sodium-conducting nonselective cation channels in PKA-stimulated Ca 2ϩ influx, cAMP induced a slowly developing current with a reversal potential of about 0 mV. Two TRP (transient receptor potential) channel blockers, SKF96365 and 2-APB, as well as flufenamic acid, an inhibitor of nonselective cation channels, also inhibited spontaneous and forskolin-stimulated electrical activity and calcium influx. Quantitative RT-PCR analysis indicated the expression of mRNA transcripts for TRPC1 ϾϾ TRPC6 Ͼ TRPC4 Ͼ TRPC5 Ͼ TRPC3 in rat pituitary cells. These experiments suggest that in pituitary cells constitutively active cation channels are stimulated further by PKA and contribute to calcium signaling indirectly by controlling the pacemaking depolarization in a sodiumdependent manner and directly by conducting calcium.
-Several receptors linked to the adenylyl cyclase signaling pathway stimulate electrical activity and calcium influx in endocrine pituitary cells, and a role for an unidentified sodium-conducting channel in this process has been proposed. Here we show that forskolin dose-dependently increases cAMP production and facilitates calcium influx in about 30% of rat and mouse pituitary cells at its maximal concentration. The stimulatory effect of forskolin on calcium influx was lost in cells with inhibited PKA (cAMP-dependent protein kinase) and in cells that were haploinsufficient for the main PKA regulatory subunit but was preserved in cells that were also haploinsufficient for the main PKA catalytic subunit. Spontaneous and forskolin-stimulated calcium influx was present in cells with inhibited voltage-gated sodium and hyperpolarization-activated cation channels but not in cells bathed in medium, in which sodium was replaced with organic cations. Consistent with the role of sodium-conducting nonselective cation channels in PKA-stimulated Ca 2ϩ influx, cAMP induced a slowly developing current with a reversal potential of about 0 mV. Two TRP (transient receptor potential) channel blockers, SKF96365 and 2-APB, as well as flufenamic acid, an inhibitor of nonselective cation channels, also inhibited spontaneous and forskolin-stimulated electrical activity and calcium influx. Quantitative RT-PCR analysis indicated the expression of mRNA transcripts for TRPC1 ϾϾ TRPC6 Ͼ TRPC4 Ͼ TRPC5 Ͼ TRPC3 in rat pituitary cells. These experiments suggest that in pituitary cells constitutively active cation channels are stimulated further by PKA and contribute to calcium signaling indirectly by controlling the pacemaking depolarization in a sodiumdependent manner and directly by conducting calcium. adenylyl cyclase; adenosine 3=,5=-cyclic monophosphate; calcium transients; transient receptor potential channels; gonadotrophs; lactotrophs; somatotrophs THE MEMBRANE POTENTIAL OF ISOLATED PITUITARY CELLS in vitro is not stable but oscillates from resting potentials of Ϫ65 to Ϫ50 mV, reflecting the balance between the activity of depolarizing and hyperpolarizing channels. When membrane potential oscillations reach the threshold level, cells generate action potentials (APs); in vitro firing of APs and calcium transients has been observed in frog, mouse, porcine, ovine, and bovine endocrine pituitary cells. Spontaneous firing of APs has also been observed in situ in rat pituitary slices (32) . Pituitary cells express at least two subtypes of voltage-gated calcium channels (Ca v ; T-and L-type), which contribute to the firing of APs and the accompanied changes in intracellular calcium concentrations ([Ca 2ϩ ] i ). These cells also express high and low tetrodotoxin (TTX)-sensitive voltage-gated Na ϩ (Na v ) channels (38, 39, 42) , but the resting membrane potential and firing of APs are not affected by a blockage of these channels (32) . However, when extracellular Na ϩ is substituted with large organic cations, the resting membrane potential rapidly reaches about Ϫ85 mV, a value close to the equilibrium potential of K ϩ , suggesting the constitutive activity of a Na ϩ -conducting channel (28, 29) . Such prominent hyperpolarization of the plasma membrane in the absence of bath Na ϩ causes abolition of the spontaneous firing of APs in gonadotrophs, lactotrophs, somatotrophs, and immortalized pituitary cells (18) . Several pathways could account for such background Na ϩ conductance, including Na ϩ -coupled transporters, Na v via the window conductance, hyperpolarization-activated/cyclic nucleotidemodulated (HCN) channels, the recently characterized Na ϩ -leak channel NALCN, and transient receptor potential (TRP) channels.
Several investigations have suggested that the Na ϩ -conducting channels are also responsible for the facilitation of electrical activity and Ca 2ϩ influx in the pituitary somatotrophs by G s -coupled growth hormone-releasing hormone (GHRH) receptors. Kato et al. (12) showed that GHRH-stimulated hormone secretion by somatotrophs was suppressed in cells bathed in Na ϩ -deficient medium. The same group also showed that GHRH depolarizes somatotrophs, which was greatly suppressed by removal of bath Na ϩ (13) . Others also showed the dependence of GHRH-induced Ca 2ϩ influx on depolarizing Na ϩ conductance (21, 22) . It has been reported that GHRH increases the total Na v current in somatotrophs, which was blocked by low levels of TTX (11) , and that GHRH facilitates a TTX-insensitive Na v current in cultured somatotrophs from growth hormone-green fluorescent protein transgenic mice, but in a cAMP-independent and protein kinase C-dependent manner (42) . In addition to GHRH receptors, pituitary cells express several other subtypes of G s -coupled receptors, in which activation causes stimulation of the adenylyl cyclase (AC) signaling pathway, including corticotropin-releasing hormone and vasoactive intestinal peptide/pituitary adenylate cyclase-activating peptide receptors (32) . The relevance of Na ϩ conductance in the action of these receptors has not been studied.
Here, we used rat and mouse anterior pituitary cells, as well as GH 3 immortalized pituitary cells, to examine the role of Na ϩ in spontaneous and cAMP-stimulated calcium [Ca 2ϩ ] i transients. Because there is no common G s -coupled receptor among these cells, we used forskolin, an activator of AC.
Single cell recordings were used for measurements of electrical activity, membrane currents and [Ca 2ϩ ] i , and cyclic nucleotide intracellular content and release were measured in mixed pituitary cell populations. To dissociate between direct effect of cAMP on HCN channels and its indirect effect, through a cAMP-dependent kinase (PKA), we used two inhibitors of HCN channels, ZD7288 and Cs ϩ , and two inhibitors of PKA, H89 and RP-cAMPs, on forskolin-stimulated electrical activity and calcium signaling. To investigate directly the role of PKA in the regulation of these channels, we also used two mouse models with altered PKA signaling: Prkar1a ϩ/Ϫ and Prkar1a ϩ/Ϫ Prkaca ϩ/Ϫ (15, 37) . We expected that Prkar1a haploinsufficiency will be accompanied by elevated PKA activity in pituitary cells. This in turn should cause the loss of stimulatory action of the forskolin on electrical activity and calcium signaling. In contrast, we expected that basal and stimulated PKA activity is normalized in cells from Prkar1a ϩ/ ϪPrkaca ϩ/Ϫ mice, and the stimulatory action of forskolin on electrical activity and Ca 2ϩ influx is not affected. In the second part of this study, we investigated the nature of forskolinstimulated Na ϩ conductance. Specifically, we studied effects of replacement of bath Na ϩ with Li ϩ and organic cations and effects of several nonselective cation channel blockers on basal and forskolin-stimulated electrical activity and Ca 2ϩ transients. Cell cultures. Experiments were performed on anterior pituitary cells from normal postpubertal female Sprague-Dawley rats obtained from Taconic Farms (Germantown, NY). Mice used in the experiments were from an (CD-1 ϫ C57BL/6) F1 hybrid background. Prkar1a ϩ/Ϫ mice have been described previously (15) . Prkar1a ϩ/Ϫ mice were crossed with mice that were heterozygous for catalytic subunit C␣ (Prkaca ϩ/Ϫ ) to generate a mouse model with double heterozygosity (Prka1a ϩ/Ϫ Prkaca ϩ/Ϫ ), as described previously (37) . Euthanasia was performed by asphyxiation with CO2, and the anterior pituitary glands were removed after decapitation. Experiments were approved by the National Institute of Child Health and Human Development (NICHD; Bethesda, MD) Animal Care and Use Committee. Anterior pituitary cells were mechanically dispersed after treatment with trypsin and cultured as mixed cells or enriched fractions in medium 199 containing Earle's salts, sodium bicarbonate, 10% heat-inactivated horse serum, penicillin (100 U/ml), and streptomycin (100 g/ml). Enriched rat gonadotroph, lactotroph, and somatotroph fractions were obtained as described previously (16) . Rat gonadotrophs were identified further by the addition of GnRH, lactotrophs by the addition of dopamine and TRH, and somatotrophs by response to GHRH and the lack of response to dopamine application. Because of the small number of cells, no purification of mouse pituitary cells was done.
MATERIALS AND METHODS

Chemicals
Cyclic nucleotide measurements. Cyclic nucleotide production was monitored using static cultures of pituitary cells. Briefly, cells (1,000,000/well) were plated in poly-L-lysine-treated 24-well plates in Earle's salts medium and incubated overnight at 37°C under 5% CO 2-air and saturated humidity. The following day the medium was removed, and cells were washed and then stimulated at 37°C under 5% CO 2-air and saturated humidity for 30 min in the presence (experimental groups) and absence of forskolin (controls). The bath medium was supplemented with 1 mM isobutylmethylxantine. Cyclic nucleotides were measured in incubation medium and in cell extracts using specific antiserum provided by Albert Baukal (NICHD). 125 cAMP and 125 I-3=,5=-cyclic monophosphate (cGMP) tracers were purchased from PerkinElmer Life Sciences (Boston, MA).
PKA assay. Mouse pituitary glands were homogenized in 0.5 ml of ice-cold buffer containing 10 mM Tris·HCl (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol, and protease inhibitor cocktail I (EMD Biosciences, La Jolla, CA). The lysates were centrifuged at 10,000 g for 10 min. The protein concentration of the supernatant was determined with a BCA Protein Assay Kit (Pierce) and used in a PKA assay. PKA enzymatic activity was measured using a previously described method (23) . The assays were carried out in a total volume of 50 l for 15 min at 37°C in the reaction mixture containing 50 mM Tris·HCl (pH 7.5), 10 mM MgCl 2, 1 mM dithiothreitol, 25 M kemptide, and 25 M [␥-
32 P]ATP (0.1 Ci/nmol) with or without 5 M cAMP and 10 l of cell extract. After incubation, the reaction mixtures were spotted onto 0.23-mm phosphocellulose (Whatman P81) discs and washed three times in 0.5% phosphoric acid. Filters were air-dried and counted in a liquid scintillation counter. Statistical analysis of comparisons between groups was undertaken using a two-sample t-test; differences were considered significant when P Ͻ 0.05.
Immunoprecipitation and Western blot analysis. Freshly prepared rat and mouse pituitary tissue was washed three times with cold PBS to remove blood residue. The tissue was then homogenized on ice using a glass homogenizer with immunoprecipitation buffer (50 mM Tris·HCl, pH 7.4, 300 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) containing a protease inhibitor cocktail (Calbiochem). Cell lysates were kept on ice for 30 min and centrifuged at 250,000 g for 35 min at 4°C. The supernatant was collected and precleared with 2 g of normal rabbit serum and 20 l of Protein A/G Plus-Agarose (Santa Cruz Biotechnology) at 4°C for 1 h on a rotary shaker. After centrifugation at 40,000 g for 1 min, supernatants were incubated with 2 g of rabbit anti-AC V/VI antibody (Santa Cruz Biotechnology) overnight at 4°C. A 20-l aliquot of Protein A/G Plus-Agarose was added to the reaction, followed by 2 h of incubation. The beads were washed four times with 1 ml of immunoprecipitation buffer each, boiled in 2ϫ SDS-PAGE sample buffer with dithiothreitol, and centrifuged. The elutions were subjected to Trisglycine SDS-PAGE and transferred onto PVDF membranes. The membrane was blocked for 1 h at room temperature with PBS supplemented with 0.1% Tween 20 and 5% nonfat milk and then incubated overnight at 4°C with 1:500 diluted anti-AC V/VI antibody. After washing four times with PBS containing Tween 20, positive signals of individual blots were visualized by incubating the membrane with peroxidase-conjugated goat anti-rabbit secondary antibody (1:10,000; Kirkegaard & Perry Laboratories), followed by subsequent treatment with SuperSignal West Pico luminol/enhanced solution (Pierce) and exposure to X-ray film (Kodak).
RT-PCR analysis. Total RNA from the primary pituitary cells was extracted using the RNeasy Mini Kit (Sigma). Subsequently, 1 g of total RNA was treated with DNAse I (Invitrogen) and reverse transcribed with SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen). Quantitative RT-PCR was performed using predesigned TaqMan Gene Expression Assays (Applied Biosystems) with LightCycler TaqMan Master Mix and LightCycler 2.0 Real-Time PCR system (Roche Applied Science). Gene expression levels of the target genes were determined by the comparative 2
Ϫ⌬⌬CT quantification method, using GAPDH as a reference gene, where (⌬⌬CT) ϭ (CT, target Ϫ CT, reference) sample Ϫ (CT, target Ϫ CT, reference) control. To compare the relative expression level of individual transient receptor potential C (TRPC) channels, results were expressed as means Ϯ SE relative to TRPC1 gene expression (set to 100%). The Applied Biosystems predesigned TaqMan Gene Expression Assays were used: TRPC1-Rn00585625_m1, TRPC2-Rn00575304_m1, TRPC3-Rn00572928_m1, TRPC4-Rn00584835_m1, TRPC5-Rn00590142_m1, TRPC6-Rn00677564_m1, TRPC7-Rn01448763_m1, and GAPDHRn01462662_g1.
Single-cell intracellular calcium measurements. For measurements of [Ca 2ϩ ]i, cells were incubated in Krebs Ringer buffer with 2 M fura-2 AM at room temperature for 60 min. For sodium-free experiments, NaCl was replaced by N-methyl-D-glucamine (NMDG), and pH was brought to 7.4 by adding HCl. Coverslips with cells were then washed with Krebs-Ringer buffer and mounted on the stage of an Observer-D1 microscope (Carl Zeiss, Oberkochen, Germany) attached to an ORCA-ER camera (Hamamatsu Photonics, Hamamatsu City, Japan) and a Lambda 10-B filter wheel (Sutter, Novato, CA). Hardware control and image analysis was performed using Metafluor software (Molecular Devices, Downingtown, PA). Cells were examined under an oil immersion objective during exposure to alternating 340-and 380-nm light beams, and the intensity of light emission at 520 nm was measured. The ratio of light intensities, F 340/F380, which reflects changes in [Ca 2ϩ ]i, was followed in several single cells simultaneously at the rate of one point per second.
Electrophysiological recordings. Membrane potentials and whole cell currents were measured using the amphotericin perforated patchclamp technique. During the experiments, the dishes with cell cultures were perfused continuously with an extracellular solution containing the following (in mM): 150 NaCl, 3 KCl, 2 CaCl 2, 1 MgCl2, 10 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, and 10 glucose. The pH was adjusted to 7.3 with NaOH. Patch pipettes were pulled from borosilicate glass (World Precision Instruments, Sarasota, FL) and heat-polished to a tip resistance of 5-7 M⍀. The pipette solution contained the following (in mM): 90 K-aspartate, 50 KCl, 3 MgCl 2, and 10 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid. The pH was adjusted to 7.2 with KOH. Prior to measurement, amphotericin B was added to the pipette solution from a stock solution (20 mg/ml in dimethyl sulfoxide, always freshly prepared) to obtain a final concentration of 200 g/ml. Current clamp and voltage clamp recordings were performed using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). Recordings were started when the series resistance dropped Ͻ100 M⍀ for current clamp or 40 M⍀ for voltage clamp recordings. Series resistance was compensated to Ͼ50%. Membrane potentials were corrected online for a liquid junction potential of 9.9 mV. Drugs dissolved to final concentration in extracellular solution were delivered to the recording chamber by a gravity-driven microperfusion system (ALA Scientific Instruments, Westbury, NY) with a common outlet.
RESULTS
Forskolin stimulates cyclic nucleotide production and Ca 2ϩ
influx. In rat pituitary cells bathed in medium containing 1 mM isobutylmethylxantine, a common inhibitor of phosphodiesterases, forskolin-stimulated cAMP intracellular accumulation and release occurred in a concentration-dependent manner, whereas the effects on cGMP accumulation were modest (Fig. 1A) . Most of the cAMP produced de novo was intracellular, and residual cAMP was released into the bath medium. At a 10 M concentration of forskolin, there was a 780-fold increase in intracellular cAMP accumulation and a 150-fold increase in cAMP released into the bath medium compared with levels of cAMP in the absence of forskolin. In contrast, there was only a two-to threefold increase in cGMP intracellular accumulation and release. Forskolin also stimulated cAMP accumulation and release in mouse anterior pituitary cells, with the profile highly comparable with that observed in rat pituitary cells ( Fig. 2A) .
The effects of forskolin on Ca 2ϩ signaling were studied in Fura 2-loaded single rat (Fig. 1B) and mouse ( skolin-stimulated [Ca 2ϩ ] i transients were observed in identified gonadotrophs, lactotrophs, and somatotrophs as well as in other unidentified rat pituitary cells in culture (Fig. 1B) and GH 3 cells (Fig. 1C) . Both spontaneous and forskolin-stimulated (Fig. 2B) . These results indicate that the facilitation of Ca 2ϩ influx by forskolin is a common feature of secretory pituitary cells and occurs in ϳ30% of cells at higher forskolin concentrations.
Forskolin stimulates Ca
2ϩ influx by activating PKA. In general, cAMP can stimulate the excitability of pituitary cells directly by activating HCN channels and indirectly by PKAdependent phosphorylation of some other channels. HCN channels are nonselective cation-conducting channels and are expressed in immortalized pituitary cells (17, 30, 35) . However, when expressed in cultured rat pituitary cells, these channels were not critical for spontaneous and forskolin-stimulated Ca 2ϩ influx. Figure 3A shows To study whether forskolin/cAMP stimulates Ca 2ϩ influx through PKA, we used two inhibitors of these enzymes, H89 and Rp-cAMPs, in cultured rat pituitary cells. At a 10 M concentration, H89 inhibits PKA to ϳ2% of the level observed in controls (6) . In 20% of cells (32 of 159), 10 M H89 stimulated Ca 2ϩ influx, which demonstrates the PKA-independent effects of this compound. The stimulatory effect of H89 on Ca 2ϩ influx was observed in spontaneously active cells (Fig. 3B, left) and quiescent cells (data not shown). In the presence of H89, forskolin was able to facilitate Ca 2ϩ influx in only two of 159 cells. In cells maintained in medium containing 10 M H89 for Ն30 min, forskolin was also ineffective (25 of 25 cells). Inhibition of PKA by Rp-cAMPs did not affect the basal firing of APs (9 of 9 cells; Fig. 3C ) but did inhibit the 8-Br-cAMP-induced increase in the frequency of APs (4 of 4 cells; Fig. 3D (Fig. 4A,  bottom) , and the phosphorylation of these enzymes by PKA leads to an inhibition of their catalytic activity (40) . Thus, it is reasonable to conclude that increased basal PKA activity in Prkar1a ϩ/Ϫ cells accounted for the inhibition of cAMP production. Fig. 4A ) was still significantly higher than in control cells stimulated with 1 M forskolin (55 Ϯ 3 pmol/well; Fig. 2A) . However, the ability of 5 M forskolin to initiate Ca 2ϩ influx in Prkar1a ϩ/Ϫ cells was almost completely abolished (Fig. 4B, left) in contrast to control cells stimulated with 1 M forskolin (Fig. 2B) and cells from Prkar1a ϩ/Ϫ Prkaca ϩ/Ϫ mice (Fig. 4B, right) ] i in ϳ25% of cells (23 of 85) (Fig. 5A) (Fig. 5C) .
Similarly, the replacement of bath Na ϩ with organic cations NMDG ϩ , choline ϩ , and tetramethylammonium (TMA ϩ ) abolished spontaneous electrical activity caused by cell membrane hyperpolarization. Such an effect was observed in gonadotro- (Fig. 5) , TTX did not affect the firing of APs in cultured gonadotrophs, lactotrophs, somatotrophs, or unidentified pituitary cells (in total, 15 of 15 cells). Furthermore, in the presence of TTX, replacement of bath Na ϩ with NMDG ϩ also hyperpolarized the cell membrane (Fig. 6C) . The hyperpolarizing effect of NMDG ϩ was also observed in cells with inhibited L-type Ca v channels (Fig. 6H) . The effect of NMDG ϩ was not dependent on the status of electrical activity, since it was observed in quiescent cells (Fig. 6D) and spontaneously active cells firing APs with low ( Fig. 6E) and high frequencies (Fig. 6F) .
When cells were clamped at Ϫ50 mV, close to the resting potentials from which firing of APs occurred, we consistently (54 of 54 cells) observed an outward-like current after replacement of bath Na ϩ with organic cations, reflecting a decrease in holding membrane current. This response was observed in experiments with TMA ϩ (Fig. 6A ), choline ϩ (Fig. 6B) , and NMDG ϩ (Fig. 6C ) and was not dependent on the status of TTX-sensitive Na v channels (Fig. 6C, bottom) , dihydropyridine-sensitive Ca v channels (Fig. 6I) , or cell type used for studies (Fig. 6, A, B, C, and I) . On the other hand, Li ϩ was able to substitute for Na ϩ in electrical activity and resting membrane potential. Figure 7A shows only a small change in holding membrane current in GH 3 cells after replacement of bath Na ϩ with Li ϩ (Fig. 7A ) and a transient hyperpolarization (7 of 7 cells; Fig. 7B ). In lactotrophs, Li ϩ was completely able to substitute for Na ϩ in electrical activity (n ϭ 4; Fig. 7 , C and D). A similar effect was observed in other cell types (data not shown).
To study the effects of cyclic nucleotides on electrical activity and Ca 2ϩ influx more directly, voltage-clamped rat somatotrophs were stimulated with 8-Br-cAMP. The amplitude of the 8-Br-cAMP-induced current was larger at a more negative potential, and the reversal potential for this current was ϳ0 mV (Fig. 7E) . These results indicate that a nonselective cation-conducting channel contributes to forskolin-stimulated [Ca 2ϩ ] i transients, presumably by facilitating Na ϩ and Ca 2ϩ influx. TRPC channels are the largest family of cation-conducting channels, and their activation leads to the depolarization of cells due to Na ϩ and Ca 2ϩ influx (4) . To evaluate the expression of TRPC channels in rat pituitary cells, quantitative RT-PCR analysis was performed as described in MATERIALS AND METHODS. This analysis revealed the high expression of mRNA transcripts for TRPC1 and the lower expression of TRPC6 in these cells. TRPC3, TRPC4, and TRPC5 mRNA transcripts were also present in pituitary cells (Fig. 7F) .
We also used two inhibitors of these channels, SKF96365 and 2-aminoethyl diphenyl-borinate (2-APB). When added to Na ϩ -containing bath medium, these compounds rapidly abolished spontaneous electrical activity in GH 3 cells (Fig. 8, A and B) and spontaneous [Ca 2ϩ ] i transients in normal unidentified rat pituitary cells (Fig. 8, D and E) . Furthermore, in SKF96365 and 2-APB-treated cells there was no spontaneous recovery of [Ca 2ϩ ] i transients, and forskolin treatment was ineffective (94 of 97 cells and 105 of 111 cells; Fig. 8, D and E, respectively) . Frequently, both compounds elevated [Ca 2ϩ ] i levels. In the case of SKF96365, baseline [Ca 2ϩ ] i levels increased slowly (Fig. 8D) , whereas in 2-AP-treated cells, a rapid increase in [Ca 2ϩ ] i levels was observed, followed by abolition of spiking ( Fig. 8E) . These effects were also observed in quiescent cells, where forksolin was unable to stimulate [Ca 2ϩ ] i transients (data not shown). flufenamic acid, a blocker of nonselective cation channels, was also able to abolish spontaneous electrical activity in GH 3 cells due to hypeprolarization of the cell membrane (3 of 3 cells; Fig. 8F ), and spontaneous [Ca 2ϩ ] i transients in unidentified pituitary cells (79 of 82 cells; Fig. 8F ) and further application of forskolin had no effect. These results indicate that cAMP simulates nonselective cation channels, presumably the TRPC channels, in a PKA-dependent manner.
DISCUSSION
Here, we show that spontaneous Ca 2ϩ influx was observed in about 55% of primary mouse and rat pituitary cells and that forskolin at high concentrations stimulates Ca 2ϩ influx in about 30% of cells. We further show that both spontaneous and forskolin-stimulated electrical activity and Ca 2ϩ influx depend on background Na ϩ conductance, and such conductance is operative not only in somatotrophs but also in gonadotrophs, lactotrophs, and other unidentified pituitary cell types as well as in immortalized GH 3 pituitary cells. The main focus of this work is on the mechanism by which cAMP stimulates electrical activity and Ca 2ϩ influx in endocrine pituitary cells and the nature of the background Na ϩ conductance. In general, forskolin-stimulated cAMP production could facilitate electrical activity and Ca 2ϩ influx directly by stimulating HCN channels or indirectly through the cAMP-dependent signaling molecules PKA and/or Epac. Immortalized pituitary cells and rat somatotrophs express HCN channels (17, 30, 35) , which conduct Na ϩ in addition to K ϩ and Ca 2ϩ (5) . The pharmacological identification of these channels is based on the application of several inhibitors, including extracellular Cs ϩ and ZD7288. However, in our experiments forskolin was also able to stimulate Ca 2ϩ influx in cells treated with ZD7288 for 10 -20 min as well as in cells bathed in 1 mM Cs ϩ -containing medium, indicating that cAMP-stimulated HCN channels are not critical for this action.
PKA is a tetramer consisting of two regulatory (R) and two catalytic (C) subunits. Binding of cAMP to regulatory subunits alters its affinity for catalytic subunits, which leads to dissociation into a dimer of regulatory subunits and two active monomeric catalytic subunits responsible for phosphorylation of target proteins (34) . To date, four types of regulatory subunits (RI␣, RII␣, RI␤, and RII␤) and four types of catalytic subunits (C␣, C␤, C␥, and PRKX) have been identified as separate gene products, and the various configurations of these subunits result in two types of PKA (I and II) based on their patterns of chromatographic elution (2) . Both enzymes are inhibited by H89; in vitro, the residual PKA activity is about 2% in the presence of 10 M H89 (6). When intact pituitary cells were treated with 10 M H89 for 3-4 min, forskolinstimulated Ca 2ϩ influx was inhibited, an observation consistent with earlier studies (12, 22) . This finding does not necessarily support the hypothesis that PKA is responsible for this effect because H89 in a 10 M concentration also inhibits S6K1 (100%), ROCK-II (100%), MSK1 (97%), PKB␣ (83%), AMPK (81%), CHK1 (79%), SGK (75%), and PHK (49%) (6) . Here, we have also shown that the application of H89 causes a transient stimulation of Ca 2ϩ influx, a finding that is consistent with observations in other cell types (31) and indicates the nonspecific effect of this compound. Experiments with Rp-cAMPs also showed that spontaneous electrical activity in pituitary cells is not affected by the inhibition of PKA, whereas an 8-Br-cAMPstimulated increase in the frequency of APs was abolished in the presence of this compound. The PKA dependence of forskolin-stimulated Ca 2ϩ influx was also analyzed in recently developed PKA mouse models Prkar1a ϩ/Ϫ and Prkar1a ϩ/Ϫ Prkaca ϩ/Ϫ (15, 37) . RI␣ has a nearly ubiquitous distribution, and the downregulation of this subunit by up to 70% leads to a concomitant increase in kinase activity and increased cell proliferation, which causes endocrine and other tumors (8, 9) . Mouse Prkar1a haploinsufficiency alone does not cause tumors except in selected tissues, but never in the pituitary gland (15) . Here, we showed that basal and forskolin-stimulated cAMP production are significantly reduced in pituitary cells from Prkar1a ϩ/Ϫ mice. We further showed that these cells express AC5/6, whose phosphorylation by PKA causes an inhibition of the enzyme activity. This observation indirectly suggests that Prkar1a haploinsufficiency is accompanied by elevated PKA activity, a hypothesis we confirmed by the direct measurement of PKA activity. The Prkar1a haploinsufficiency also caused the loss of stimulatory action of the forskolin on Ca 2ϩ influx. In contrast, basal and stimulated PKA activity were normalized in cells from Prkar1a ϩ/Ϫ Prkaca ϩ/Ϫ mice, and the stimulatory action of forskolin on Ca 2ϩ influx was restored. In cells bathed in medium containing organic cations NMDG ϩ , TMA ϩ , or choline ϩ , instead of Na ϩ , forskolin was unable to stimulate Ca 2ϩ influx, indicating that Na ϩ influx is critical for spontaneous and cAMP-PKA-stimulated Ca 2ϩ influx. We also show that Li ϩ substitutes for Na ϩ in electrical activity. In neurons, TTX-sensitive Na v channels are critical for the development of the depolarizing phase of APs. All endocrine pituitary cells also express TTX-sensitive Na v channels (39), but a large fraction of these channels are inactivated at the resting membrane potential (39), and they do not participate in spontaneous electrical activity (32) . It is also unlikely that the persistent Na ϩ current accounts for spontaneous and forskolin-stimulated [Ca 2ϩ ] i transients because riluzole, a blocker of this current, was ineffective. Others have shown the importance of low TTX-sensitive Na v channels in GHRHinduced electrical activity in somatotrophs, but PKC rather than PKA accounted for the GHRH-induced facilitation of this current (42) . Consistent with the finding of this group, we show here that it is unlikely that low TTX-sensitive Na v channels mediate this conductance, because TTX in 50 M concentrations did not block spontaneous and forskolin-stimulated Ca 2ϩ influx. In accordance with experiments by others (22, 33), we also observed that 8-Br-cAMP stimulated an inward nonselective current with larger amplitude at more negative potentials. The reversal potential of this current was consistent with the operation of a nonselective cation channel.
Our pharmacological studies further indicate that the cationconducting TRP channels, presumably the TRPC family of channels (4), are good candidates for this conductance. Spontaneous electrical activity and [Ca 2ϩ ] i transients were abolished by the application of two blockers of these channels, SKF96365 and 2-APB, and in the presence of SKF96365 and 2-APB, forskolin was unable to facilitate Ca 2ϩ influx. Our quantitative RT-PCR analysis revealed that mRNA transcripts for TRPC channels are expressed in anterior pituitary cells in the following order: TRPC1 ϾϾ TRPC6 Ͼ TRPC4 Ͼ TRPC5 Ͼ TRPC3. Qualitative RT-PCR analysis by others also showed the presence of TRPC transcripts in pituitary cells (7, 27, 41) . All members of this family of channels other than TRPC1 have consensus PKA phosphorylation sites, and TRPC6 is phosphorylated by PKA and associated with other PKA substrates (10) .
Consistent with the role of the background Na ϩ current in the control of resting membrane potential, some TRPC channels are constitutively active (24, 36) . Furthermore, in interstitial cells of Cajal, TRPC4 was suggested as a molecular candidate for the nonselective cation channel responsible for the pacemaker activity (14) . In the entorhinal cortex, TRPC cation channels mediating persistent muscarinic currents contribute significantly to the firing and mnemonic properties of projection neurons (44) . In guinea pig kisspeptin neurons (25) and prooipiomelanocirtin neurons (26) , leptin depolarizes plasma membrane via activation of TRPC channels. These channels also contribute to kisspeptin-induced depolarization of gonadotropin-releasing hormone neurons (43) .
Together, these results suggest that Na ϩ -conducting nonselective cation channels are constitutively active in pituitary cells and contribute to the control of pacemaking by setting the resting membrane potential. The conductivity of these channels is facilitated by cAMP in a PKA-dependent manner, providing an effective pathway for G s -coupled receptors to facilitate Ca 2ϩ influx and secretion. These observations do not argue against the role of other channels, such as resistant Na v , HCN, Ca v , and K ϩ channels (3, 11, 19, 20, 30, 35) , in cAMP-PKAmediated facilitation of the excitability of pituitary cells but rather suggest that multiple channels could be used as pathways for the stimulatory action of G s -coupled receptors on Ca 2ϩ influx and secretion in pituitary cells. Further studies are needed to identify cation-conducting channels, presumably member(s) of the TRPC family of proteins, contributing to background and PKA-stimulated Na ϩ influx.
